ABSTRACT Background: Epidemiologic evidence for the relation between carbohydrate quality and risk of type 2 diabetes (T2D) has been mixed. Objective: We prospectively examined the association of dietary glycemic index (GI) and glycemic load (GL) with T2D risk. Design: We prospectively followed 74,248 women from the Nurses' Health Study , 90,411 women from the Nurses' Health Study II (1991II ( -2009, and 40,498 men from the Health Professionals FollowUp Study who were free of diabetes, cardiovascular disease, and cancer at baseline. Diet was assessed by using a validated questionnaire and updated every 4 y. We also conducted an updated meta-analysis, including results from our 3 cohorts and other studies. Results: During 3,800,618 person-years of follow-up, we documented 15,027 cases of incident T2D. In pooled multivariable analyses, those in the highest quintile of energy-adjusted GI had a 33% higher risk (95% CI: 26%, 41%) of T2D than those in the lowest quintile. Participants in the highest quintile of energy-adjusted GL had a 10% higher risk (95% CI: 2%, 18%) of T2D. Participants who consumed a combination diet that was high in GI or GL and low in cereal fiber had an w50% higher risk of T2D. In the updated metaanalysis, the summary RRs (95% CIs) comparing the highest with the lowest categories of GI and GL were 1.19 (1.14, 1.24) and 1.13 (1.08, 1.17), respectively. Conclusion: The updated analyses from our 3 cohorts and metaanalyses provide further evidence that higher dietary GI and GL are associated with increased risk of T2D.
INTRODUCTION
Type 2 diabetes (T2D) 4 has remained a significant public health problem for several decades. The number of adults with diabetes worldwide increased from 153 million in the year 1980 to 347 million in 2008 (1) . The WHO projects diabetes to be the seventh leading cause of death in 2030 (2) . Furthermore, the total costs of diagnosed diabetes have increased by 41% from $174 billion in 2007 to $245 billion in 2012 in the United States (3). Well-designed randomized controlled trials such as the Diabetes Prevention Program (4, 5) have shown that following a healthy dietary pattern along with lifestyle modifications are as effective as or even better than pharmacologic interventions in preventing T2D. Carbohydrates are the dietary components that have the greatest effect on blood glucose concentrations. Because carbohydrates differ in their ability to increase blood glucose, the concept of glycemic index (GI) was introduced in the early 1980s. The GI is a ranking of carbohydrates according to their effect on postprandial glycemia (6) . Although the GI can effectively rank foods on the basis of their blood glucose response, it does not account for the amount of carbohydrate in a typical serving. The glycemic load (GL) was therefore developed as the product of the GI and the amount of carbohydrate in a serving.
Despite the existence of these 2 indexes for many years, the role of GI and GL in preventing T2D remains controversial. Although 3 meta-analyses (7-9) of prospective cohort studies found a higher risk of T2D with higher GI and GL, a more recent meta-analysis of 8 European countries found no association with T2D (10) . Furthermore, the most recent American Diabetes Association's nutrition recommendations for management of adults with T2D indicated that, to date, supportive evidence for a role of GI and GL in glycemic control has only been from poorly controlled or uncontrolled studies or observational studies with a high potential for bias (11) .
Given the inconsistencies in the literature, the aims of the current study were as follows: 1) to update our previous analyses of GI and GL and T2D risk using much longer follow-up in the 3 Harvard cohorts [Nurses' Health Study (NHS), NHS II, and the Health Professionals Follow-Up Study (HPFS)] and 2) to conduct an updated meta-analysis of the previous literature including results from our 3 cohorts.
METHODS

Study population
The NHS began in the early 1970s as a long-term prospective investigation of the health effects of various contraceptive methods of 121,701 married female nurses, aged 30-55 y, from 11 US states. The NHS II is a prospective cohort study in 116, 671 younger female nurses, aged 25-42 y, that began in 1989. The HPFS began in 1986 as a prospective cohort study to evaluate the association of nutritional factors and the incidence of several chronic diseases in a group of 51, 529 male health professionals. In all 3 cohorts, participants are followed biennially through validated questionnaires that obtain updated information on their medical history, lifestyle factors, and occurrence of chronic diseases. For the current study, we used baseline as 1984 in NHS, 1986 in HPFS, and 1991 in NHS II when detailed information on diet was first collected. We excluded participants with a baseline history of diabetes (including type 1 diabetes and T2D), cardiovascular disease, or cancer because these diagnoses may result in changes in diet (12) . We also excluded women who left $10 items blank on the food-frequency questionnaire (FFQ) or who had implausible energy intakes (,800 or .4200 kcal/d for men and ,500 or .3500 kcal/d for women). Men who left $70 items blank on the FFQ were also excluded. The final analytic sample included 74,248 women from the NHS, 90,411 women from the NHS II, and 40,498 men from the HPFS with complete information. The study was approved by the Human Research Committee of Brigham and Women's Hospital and the Harvard School of Public Health in Boston.
Ascertainment of exposure
With the use of a 126-item semiquantitative FFQ, diet was first assessed in 1984 in NHS and in 1986 in HPFS. By using a 133-item semiquantitative FFQ, diet was first assessed in NHS II in 1991. In all 3 cohorts, subsequent FFQs were administered every 4 y to update dietary information. In all FFQs, participants were asked how often, on average (never to $6 times/d), during the previous year they had consumed a commonly used unit or portion size of foods and beverages. The FFQs were reviewed every 4 y with the use of extensive pilot studies and analyses of open-ended sections to determine whether changes were needed. Nutrient intakes were computed by multiplying the frequency of consumption of each food or beverage by the nutrient content of the specified portion and summing the contributions from all items. Nutrient intakes were obtained by using the USDA foodcomposition database supplemented with information from manufacturers and information from our own analyses of foods. The GI values for single food items on the FFQ were derived from available databases and publications (6, 13, 14) . Certain foods not represented in the database were sent to the University of Sydney for GI analysis. These foods included breakfast cereals, cakes, cookies, muffin mixes, pancake mixes, and candy bars. For the remaining foods not represented in the database, we imputed their GI values from similar foods in the database. For each participant, we calculated the average dietary GI by summing the products of the carbohydrate content per serving for each food item times the average number of servings of that food per day, times its GI, and divided by the total daily carbohydrate content (15) . Because the amount of carbohydrate in an overall diet can vary, we derived a global dietary GL score by multiplying the amount of carbohydrates in the diet by the average GI. GL is an indicator of insulin demand or glucose response induced by total carbohydrate intake (15) . GI, GL, and intakes of all nutrients were energy-adjusted by using the residual method (16) .
The validity and reliability of the FFQs have been described elsewhere (17) (18) (19) (20) (21) (22) . In a validation study conducted in a subsample of 173 NHS participants, FFQ assessments of total carbohydrate and dietary fiber were highly correlated with diet record assessments (total carbohydrate, r = 0.64; fiber, r = 0.56) (17, 22) . Similar correlation coefficients were seen in a validation study in a subsample of 40-to 74-y-old HPFS participants (total carbohydrate, r = 0.73; fiber, r = 0.68) (19) .
Ascertainment of diabetes
The primary endpoint for this study was incident T2D. Participants who reported a diagnosis of T2D on the biennial main questionnaire were mailed a supplementary questionnaire with regard to symptoms, diagnostic tests, and hypoglycemic therapy. In accordance with the National Diabetes Data Group criteria (23), a case of T2D was confirmed if at least one of the following was reported on the supplementary questionnaire: 1) one or more classic symptoms (excessive thirst, polyuria, weight loss, hunger) and fasting plasma glucose concentrations of $11.1 mmol/L, 2) $2 elevated plasma glucose concentrations on different occasions (fasting concentrations of $7.8 mmol/L, random plasma glucose concentrations of $11.1 mmol/L, and/or concentrations of $11.1 mmol/L after $2 h shown by an oral-glucose-tolerance test) in the absence of symptoms, or 3) treatment with hypoglycemic medication (insulin or oral hypoglycemic agent). For cases identified after 1998, we applied the American Diabetes Association criteria (24) in which the threshold for diagnosis of diabetes changed from a fasting plasma glucose concentration of 7.8 to 7.0 mmol/L. The current analysis includes only the cases confirmed by the supplementary questionnaire.
The validity of the supplementary questionnaire was established in 2 previous studies through medical record reviews. In both studies, diagnosis of T2D was confirmed in .97% of the cases (25, 26) .
Assessment of covariates
In the biennial follow-up questionnaires, we updated information on a participant's age, weight, smoking status, physical activity, menopausal status and use of postmenopausal hormone therapy (for women), oral contraceptive use (for women), and personal history of chronic diseases. Height was ascertained on the 1976 enrollment questionnaire in the NHS and the 1986 enrollment questionnaire in the HPFS. We calculated BMI as weight in kilograms divided by height in meters squared. Selfreports of body weight have been shown to be highly correlated with measured weights (r = 0.96) in the NHS and HPFS (27) . The presence or absence of a family history of diabetes (in firstdegree relatives) was assessed in 1982 and 1988 in the NHS; in 1989, 1997, 2001 , and 2005 in the NHS II; and in 1987 in the HPFS. Information on intakes of alcohol and other beverages was updated every 4 y by using the FFQ. 30 June 2009 in NHS II, and 1 January 2008 in HPFS), whichever occurred first. We used Cox proportional hazards regression models to examine the association between quintiles of GI and GL and risk of T2D. The regression models included age in years as the time scale, stratified by calendar time in 2-y intervals, and allowed for possible interaction between calendar time and age in the baseline hazards to be accounted for nonparametrically (model 1). Our first multivariable model (model 2) adjusted for race (white or nonwhite) and several lifestyle factors, including family history of diabetes (yes or no), menopausal status, and postmenopausal hormone use (women only; premenopausal, postmenopausal with no history of hormone replacement, or postmenopausal with current hormone replacement), oral contraceptive use (women only; never user, past user, or current user), physical activity (,3.0, 3.0-8.9, 9.0-17.9, 18.0-26.9, or $27.0 metabolic equivalents/wk), BMI (in kg/m 2 ; ,21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-32.9, 33-34.9, 35-39.9, or $40), smoking status (never; past; current: 1-14, 14-25, or $25 cigarettes/d), and total energy intake (quintiles). In model 3, we further adjusted for intakes of total coffee, energy-adjusted intakes of cereal fiber, trans fatty acids, PUFAs, SFAs, and MUFAs (quintiles). For models with GI as the exposure, we additionally adjusted for total protein intake (quintiles, model 4).
For each 2-y time period, we updated information on all nondietary covariates to account for changes in risk factors over time. For dietary measures, we used the cumulative average of food intakes from baseline to the censoring events to best represent long-term diet and minimize within-person variation (12) .
However, we stopped updating dietary variables on a report of cancer or cardiovascular disease because changes in diet after development of these conditions may confound the relation between diet and diabetes (12, 28) .We performed several sensitivity analyses to test the robustness of our results. First, we tested associations by using baseline diet alone. Second, to test if our results were biased by selectively stopping updating diet after an intermediate outcome, we continuously updated diet until the end of follow-up. Third, we excluded incident cases of cardiovascular disease or cancer during follow-up from the analysis. Finally, instead of using repeated measures of diet, we used the most recent measure of diet or the intake reported at the beginning of each FFQ cycle.
The proportional hazards assumption was tested by including an interaction term between the main exposures and months to events (P . 0.05 for all tests). We tested for potential effect modification by BMI, family history of diabetes, and physical activity by including cross-product terms with the exposure variables in our fully adjusted model. Tests for linear trend were conducted by assigning the median value to each quintile or category and treating this as a continuous variable in the regression model. To evaluate potential joint effects of cereal fiber and BMI with GI and GL, we cross-classified participants into categories of BMI (,25, 25-29.9, or $30) and tertiles of cereal fiber, GI, and GL.
Because of differences in sex, follow-up time, and questionnaires in the 3 cohorts, all analyses were performed separately in each cohort to achieve better control of confounding. For the primary analyses, to obtain overall estimates for both sexes and to increase statistical power, the RRs from the multivariableadjusted models from the 3 cohorts were combined with the use of an inverse variance-weighted meta-analysis by the fixed-effects model (29) . The cohort analyses were not prespecified at the time of cohort initiation. All statistical tests were 2-sided and performed by using SAS version 9.2 for UNIX (SAS Institute). Updated meta-analysis on GI, GL, and incident T2D
We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses protocol to conduct an updated systematic review and meta-analysis of prospective studies assessing the association between GI, GL, and risk of developing T2D in adults. We performed a systematic search of MEDLINE (http://www.ncbi.nlm.nih.gov/pubmed) and EMBASE (www. embase.com) (until August 2013) and a manual search of bibliographies of key retrieved articles and relevant reviews. To be included in the meta-analysis, studies had to fulfill the following criteria: 1) be prospective in design, 2) have T2D as an endpoint (self-reported or clinically assessed), 3) provide assessment method for GI and GL, 4) present RRs and the corresponding variance estimates, and 5) describe the adjustment for potential confounders. Detailed information on search criteria is presented as Supplemental Material under "Supplemental data" in the online issue. One author (SNB) defined the study criteria, assessed study eligibility, extracted the data, and assessed study quality by using the Newcastle-Ottawa quality scale. A second author (DKT) independently double-checked the extracted data. Discrepancies were resolved by mutual consultation. The following data items were extracted: author, year of publication, journal, cohort name, country, comorbidities excluded at baseline, percentage of population as male, mean age, mean BMI, length of follow-up, mean GI and GL, dietary instrument, number of dietary assessments, number of T2D cases, method of ascertainment of outcome, and covariates adjusted for in Cox models. The RRs were used as the common measure of association across studies. We considered HRs and ORs to be equivalent to RRs. Because random-effects meta-analysis tends to give disproportionally more weight to small, statistically less robust studies (30), we used a fixed-effects model to compute the summary RR of T2D for the highest category of GI or GL compared with the lowest category. However, we also provided summary RRs with the use of random-effects models. For one study (31) that analyzed GI as a continuous variable, we estimated the RR for the highest compared with lowest categories of exposures by determining the difference in GI between the highest and lowest categories and scaling the risk estimates accordingly. For another study that provided estimates per 10-unit increases in GI (32) and stated that these approximated the difference between the 87.5th and the 12.5th percentiles, we used the published estimates for comparing the highest with the lowest quartiles. In sensitivity analyses, we examined if the summary RR for the highest compared with lowest categories of GI changed appreciably with the inclusion of these 2 studies. Forest plots were produced to visually assess the RRs and their corresponding 95% CIs across studies. Heterogeneity in the association of the main exposures with T2D risk was assessed by using the I 2 statistic. I 2 values of w25%, 50%, and 75% were considered to indicate low, moderate, and high heterogeneity, respectively. When heterogeneity was considered to be present, we conducted univariate meta-regressions by using study-level data to explore potential sources of heterogeneity. Study quality (Newcastle-Ottawa quality scale), use of a validated dietary instrument, follow-up time, number of dietary assessments (baseline compared with repeated measures), and type of assessment of T2D (self-reported or confirmed by medical review) were examined as potential modifiers when heterogeneity was present. We also examined the influence of each study on the overall estimate by systematically removing one study at a time and examining the influence on the overall risk estimate and the 95% CI. We assessed the possibility of publication bias by using the Begg's test and Egger's test and a visual inspection of funnel plots (33, 34) . The meta-analysis was performed with the use of the STATA statistical program, version 9.2 (StataCorp). 
RESULTS
Cohort analyses
During 3,800,618 person-years of follow-up, we documented 15,027 cases of T2D. The distribution of age-adjusted baseline characteristics according to quintiles of energy-adjusted GI is shown in Table 1 . In all 3 cohorts, compared with those who consumed diets with the lowest GI, those in the highest category of GI were younger, less physically active, consumed a higher GL diet, and had lower intakes of alcohol, magnesium, total protein, and total coffee. At the same time, they also had higher intakes of cereal fiber and trans fatty acids. The distribution of baseline characteristics according to quintiles of energy-adjusted GL is shown in Table 2 . Like their GI counterparts, those in the highest quintile of GL had lower intakes of alcohol, protein, and total coffee compared with those with the lowest GL diets. They also consumed a high-GI diet and had higher intakes of cereal fiber.
Higher GI was associated with a progressively higher risk of T2D ( Table 3 ). In the pooled analysis of estimates from the 3 studies that used fixed-effects models, in age-and lifestyle-adjusted models (model 2) the RRs (95% CIs) across quintiles 1-5 were 1.00, 1.10 (1.04, 1.16), 1.09 (1.04, 1.15), 1.18 (1.12, 1.24), and 1.28 (1.21, 1.35) (P-trend , 0.0001). Further adjustment for intakes of total coffee, cereal fiber, and different kinds of fatty acids did not materially change this observation. However, additional adjustment for total dietary protein intake strengthened this association. Participants in the highest quintile of GI had a 33% higher risk (95% CI: 26%, 41%) compared with those in the lowest quintile. The RRs (95% CIs) across quintiles of energy-adjusted GL are shown in Table 4 . Those in the highest quintile of GL had a higher risk of T2D, but this association was only significant in the NHS. However, in pooled analysis, compared with those with the lowest GL diet, those in the highest quintile of energy-adjusted GL had a 10% higher risk (95% CI: 2%, 18%) for T2D after adjustment for age, lifestyle, and dietary factors (model 3). Further adjustment for total protein intake strengthened the associations, and risk estimates were similar to those of GI. The RRs (95% CIs) across quintiles 1-5 were 1.00, 1.09 (1.03, 1.15), 1.09 (1.02, 1.17), 1.21 (1.12, 1.32) , and 1.36 (1.23, 1.50) (P-trend , 0.0001). 1 Median values of glycemic index for each category were used to test for a linear trend across categories. Model 1 adjusted for age (y); model 2 adjusted as for model 1 + race (white or nonwhite), smoking (never; past; current: 1-14, 15-24, or .24 cigarettes/d), alcohol intake (0, 0.1-4.9, 5-9.9, 10-14.9, or $15 g/d), postmenopausal hormone use (women only; premenopausal, postmenopausal current user, or postmenopausal never/past user), oral contraceptive use (women only; never, past, or current), physical activity (,3, 3-8.9, 9-17.9, 18-26.9, or $27 metabolic equivalent task hours/wk), family history of diabetes (yes or no), BMI (in kg/m 2 ; ,21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-34.9, 35-39.9, or $40), and total energy intake (quintiles); model 3 adjusted as for model 2 + intakes of total coffee (quintiles), energy-adjusted cereal fiber (quintiles), energy-adjusted PUFAs (quintiles), energy-adjusted trans fatty acids (quintiles), and SFAs (quintiles); model 4 adjusted as for model 3 + total protein intake (quintiles). All statistical tests were conducted by using Cox proportional hazards regression models. 2 Results were combined with the use of a fixed-effect model.
We examined the joint effects of GI and GL with cereal fiber by cross-classifying participants by both variables (Figure 1, A and  B) . The pooled RR for the combination of a high GI and a low cereal fiber intake compared with the opposite extreme was 1.59 (95% CI: 1.47, 1.73; P-interaction . 0.20 in all 3 cohorts). Similarly, those with a high-GL and a low-cereal-fiber diet had a 1.47-fold risk (95% CI: 1.32, 1.63) compared with those with a low-GL and a high-cereal-fiber diet (P-interaction . 0.10 in all 3 cohorts). We also evaluated the joint effects of GI and GL with BMI on the risk of T2D. Compared with those who were normal weight and had low-GI or -GL diets, obese participants with high-GI (RR: 12.28; 95% CI: 11.09, 13.60; P-interaction . 0.05) or high-GL (RR: 10.80; 95% CI: 9.63, 12.11; P-interaction . 0.05) diets had a .10-fold higher risk of T2D.
Our results remained robust in several sensitivity analyses (see Supplemental Tables S1 and S2 under "Supplemental data" in the online issue). When we used baseline diet alone to examine associations between GI, GL, and T2D, risk estimates were largely attenuated. In fully adjusted pooled models, those in the highest quintile of GI and GL had RRs of 1.26 (95% CI: 1.19, 1.33) and 1.02 (95% CI: 0.94, 1.09) for T2D compared with those in quintile 1. Results remained largely unchanged when we continuously updated diet until the end of follow-up (RR for quintile 5 compared with quintile 1 for GI: 1.33; 95% CI: 1.25, 1.41; RR for quintile 5 compared with quintile 1 for GL: 1.09; 95% CI: 1.01, 1.18) when we used the most recent diet as our primary exposure (RR for quintile 5 compared with quintile 1 for GI: 1.31; 95% CI: 1.24, 1.39; RR for quintile 5 compared with quintile 1 for GL: 1.12; 95% CI: 1.04, 1.21) or if we censored cases of cardiovascular disease or cancer that occurred during follow-up (RR for quintile 5 compared with quintile 1 for GI: 1.34; 95% CI: 1.26, 1.43; RR for quintile 5 compared with quintile 1 for GL: 1.07; 95% CI: 0.99, 1.16). Associations remained unchanged among nonsmokers and after excluding those with very low body weights (see Supplemental Table S3 under "Supplemental data" in the online issue). Results remained unchanged when we excluded participants with gestational diabetes at baseline (data not shown).
Meta-analysis
We further conducted an updated meta-analysis that included updated results from our 3 cohorts together with those of previous published studies. Our search on MEDLINE and EMBASE identified a total of 2424 citations. After the first level of screening based on titles and abstracts with the aforementioned criteria, 70 articles remained for further evaluation. After examining these articles in more detail, 56 articles were excluded , and total energy intake (quintiles); model 3 adjusted as for model 2 + intakes of total coffee (quintiles), energy-adjusted cereal fiber (quintiles), energy-adjusted PUFAs (quintiles), energy-adjusted trans fatty acids (quintiles), and SFAs (quintiles). All statistical tests were conducted by using Cox proportional hazards regression models.
2 Results were combined with the use of a fixed-effects model.
for reasons shown in Supplemental Figure S1 under "Supplemental data" in the online issue. A total of 10 articles were identified for inclusion in the meta-analysis of GI and T2D (10, (35) (36) (37) (38) (39) (40) (41) (42) (43) and a total of 14 articles for the analysis on GL and T2D (10, 31, 32, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) .
Detailed characteristics of the studies (not including our cohorts) included in our meta-analysis are shown in Table 5 . The association between GI and GL and T2D risk was the primary outcome in all but one study (45) . Six studies were conducted in the United States, 4 in Europe, 1 each in the United Kingdom, Japan, and China. The number of incident T2D cases in the studies ranged from 99 to 11,559. Seven studies enrolled both sexes; 2 included only men, whereas 3 studies included only women. All studies assessed diet by using an FFQ. The median length of follow-up ranged from 4 to 14 y. Diabetes ascertainment was based on medical confirmation in all but 4 studies. Study quality scores based on the Newcastle-Ottawa scale were all .6.
Those in the highest categories of GI and GL had a significantly higher risk of T2D (Figures 2 and 3) . The RRs (95% CIs) from the fixed-effects model comparing the highest categories of GI or GL with their corresponding lowest categories were 1.19 (1.14, 1.24) and 1. 13 (1.08, 1.17) , respectively. However, we found evidence of moderate heterogeneity among studies included in the meta-analysis of GI and T2D (I 2 = 68.5%, P , 0.001; Figure 3 ). When we used a random-effects model to address the issue of heterogeneity, the summary risk estimate for the association of GI with T2D was attenuated but remained significant (RR: 1.12; 95% CI: 1.03, 1.21; Supplemental Figure  S2 under "Supplemental data" in the online issue). On the other hand, the summary risk estimate comparing the highest with the lowest category of GL and T2D from our random-effects model was similar to that of our fixed-effects model (RR: 1.12; 95% CI: 1.06, 1.17; Supplemental Figure S3 under "Supplemental data" in the online issue).
We documented significant publication bias for the association between GI and risk of T2D (see Supplemental Figure S4A under "Supplemental data" in the online issue). However, no publication bias was detected for the association between GL and T2D (see Supplemental Figure S4B under "Supplemental data" in the online issue). We found that the number of dietary assessments (baseline compared with repeated), length of followup, and type of T2D assessments (self-report compared with medical confirmation) were significant sources of heterogeneity (see Supplemental Table S4 under "Supplemental data" in the online issue). However, given the limited power and the small number of studies, when analyses were stratified by these variables, heterogeneity remained in the various subgroups (data not shown). Therefore, results are presented with all groups combined. When we systematically removed one study at a time, excluding any single study did not change the risk estimate or the 95% CIs to include the null value of one, suggesting that no single study markedly affected the overall conclusion. In sensitivity analyses, when we included scaled estimates for the 2 studies that reported results that used GI as a continuous exposure, the summary RR for the highest compared with the lowest category of GI and T2D remained largely unchanged (RR: 1.18; 95% CI: 1.14, 1.23; see Supplemental Figure S5 under "Supplemental data" in the online issue).
DISCUSSION
In these 3 large prospective cohorts of US men and women, we documented a positive association between GI, GL, and the risk of T2D. However, GI appears to be more strongly associated with FIGURE 1. RRs (95% CIs) for type 2 diabetes according to joint categories of GI (tertiles; A), GL (tertiles; B), and cereal fiber (tertiles) in all 3 cohorts combined. Multivariable RRs were adjusted for age (y), BMI (in kg/ m 2 ; ,21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-34.9, 35-39.9, or $40), race (white or nonwhite), smoking (never; past; current: 1-14, 15-24, or .24 cigarettes/d), alcohol intake (0, 0.1-4.9, 5-9.9, 10-14.9, or $15 g/d), postmenopausal hormone use (women only; premenopausal, postmenopausal current user, or postmenopausal never/past user), oral contraceptive use (women only; never, past, or current), physical activity (,3, 3-8.9, 9-17.9, 18-26.9, or $27 metabolic equivalent task hours/wk), family history of diabetes (yes or no), total energy intake (quintiles), and intakes of total coffee (quintiles), energy-adjusted PUFAs (quintiles), energy-adjusted trans fatty acids (quintiles), energy-adjusted SFAs (quintiles), energy-adjusted MUFAs (quintiles), and energy-adjusted protein (quintiles; only for panel A). Results were combined with the use of a fixed-effects model. All statistical tests were conducted by using Cox proportional hazards regression models. Low GI, high cereal fiber: n = 19,524; medium GI, high cereal fiber: n = 24,491; high GI, high cereal fiber: n = 24,367; low GI, medium cereal fiber: n = 21,392; medium GI, medium cereal fiber: n = 24,029; high GI, medium cereal fiber: n = 22,793; low GI, low cereal fiber: n = 27,474; medium GI, low cereal fiber: n = 19,862; high GI, low cereal fiber: n = 21,224. P-interaction .0.20 in all 3 cohorts. Low GL, high cereal fiber: n = 9826; medium GL, high cereal fiber: n = 23,669; high GL, high cereal fiber: n = 34,888; low GL, medium cereal fiber: n = 22,326; medium GL, medium cereal fiber: n = 26,486; high GL, medium cereal fiber: n = 19,403; low GL, low cereal fiber: n = 36,270; medium GL, low cereal fiber: n = 18,150; high GL, low cereal fiber: n = 14,140. P-interaction .0.10 in all 3 cohorts. GI, glycemic index; GL, glycemic load; REF, reference.
TABLE 5
Characteristics of studies included in the meta-analysis of the association of glycemic index and glycemic load with T2D T2D than does GL. Participants who consumed diets with high GI or high GL and low cereal fiber had a nearly 40% higher risk of T2D compared with those whose diets were high in cereal fiber and low in GI or GL. Our findings are consistent with results of some (35, 38, 43) but not all (10, 36, 37, (39) (40) (41) (42) prospective cohort studies that examined the association between GI and T2D. RRs comparing extreme quintiles of intake of GI ranged from 1.14 (95% CI: 1.01, 1.30) in the European Prospective Investigation into Cancer and Nutrition-Greek cohort (38) to 1.96 (95% CI: 1.04, 3.67) in a cohort of male Japanese factory workers (40) . In contrast, no associations between GI and risk of T2D were observed in the Iowa Women's Health Study (36) , the Whitehall II Study (37) , the Health, Aging, and Body Composition Study (39) , the Alpha-Tocopherol, Beta-Cancer Prevention Study (41) , the European Prospective Investigation into Cancer and Nutrition-InterAct consortium (10) , and the Rotterdam Study (42) . Interestingly, all of the studies that found no association between GI and T2D assessed diet only at baseline. This may be because any measurement error (random or systematic) in GI would attenuate the risk estimates toward the null. However, when we used only baseline diet to examine the association with T2D in our cohorts, we still documented a 26% higher risk in pooled analysis. The inconsistencies in findings between cohorts could also be a result of differences in databases used to assign GI values to individual foods. Although most cohorts used the 2002 international table of GI values by Foster-Powell et al (46) , 2 studies (10, 42) used the more updated international tables of GI and GL published in 2008 by Atkinson et al (47) . Another important limitation was the subjectivity involved in assigning GI values to locally grown foods with different processing and ingredient compositions than those present in the available databases. There is also considerable debate around the issue of aggregating GI values of individual foods to calculate the GI of a mixed meal. Although some studies showed no association between calculated GI and measured GI of mixed meals (48, 49) , others showed that the glycemic response to mixed meals can be predicted from summing the weighted GI values of foods in the meal (50) . Although fat and protein in mixed meals affect the absolute glycemic response, the relative differences between carbohydrate-containing foods remain unaffected.
In all 3 cohorts, we observed that participants who consumed a high-GL diet had a more health-conscious lifestyle because they were less likely to smoke, had a lower BMI, and consumed more cereal fiber. Interestingly, these participants also consumed a lowfat, high-carbohydrate dietary pattern as evidenced by lower intakes of saturated fat, polyunsaturated fat, and total protein. This may explain the lower risk of T2D observed in age-adjusted GL models. However, when we accounted for the negative confounding introduced by the factors above, the direction of the association between GL and T2D changed, and a high GL was associated with a higher risk of T2D. When we further adjusted for dietary protein, risk estimates became similar to those of GI because the b-coefficient for GL represents the effect of substituting high-GI carbohydrate foods with low-GI carbohydrate foods while keeping protein, saturated fat, polyunsaturated fat, and trans fat constant (51) . The overall summary risk estimate from our meta-analysis for the association of GL with T2D Values are means or ranges at baseline.
3
The study by Hodge et al (32) was included in the sensitivity meta-analysis of glycemic index and T2D. Risk estimates for the 10-unit difference in glycemic index were approximated to represent the difference between the highest and lowest quartiles. Risk estimates for the association of highest compared with lowest glycemic load quartiles and T2D were obtained from online supplemental material of Livesey et al (9) , who obtained these estimates by direct e-mail correspondence from the author.
4
Confounders reported in the table are for associations between glycemic load and pancreatic cancer risk. Results for T2D are presented in the text.
5
Median follow-up time.
6
The study by Stevens et al was included in the sensitivity meta-analysis on the association of glycemic index and T2D. Risk estimates for the highest and lowest quartile were computed from continuous measures by first calculating the unit difference in median glycemic index in extreme quartiles. Risk estimates were then scaled accordingly.
7
Calculated on the basis of incidence of diabetes in African American and white adults.
8
Calculated from Table 1 in van Woudenbergh et al (42) as the weighted average of age in tertiles of glycemic index.
is similar but somewhat more attenuated compared with 2 previous meta-analyses on GL and T2D (8, 9) . This may be because the meta-analysis by Livesey et al (9) , double-counted data from the same cohorts that were published separately and included gestational diabetes as an outcome. In addition, our meta-analysis included updated results with longer follow-up from our cohorts. Our results show that the effects of cereal fiber and GI and GL are additive. Although no studies have examined the joint effects of cereal fiber and GI and GL in relation to risk of T2D, a recent systematic review of prospective cohort studies that examined the association of cereal fiber with T2D risk concluded that consuming foods rich in cereal fiber is associated with a modestly reduced risk of T2D (52) . Our findings support current dietary recommendations to consume a diet rich in whole grains and indicate that a diet low in GI and rich in fiber and minimally processed whole grains may lower the risk of T2D. Several physiologic mechanisms have been proposed to explain the positive association of GI and GL with T2D (53, 54) . High-GI and -GL diets are known to stimulate the increased production of insulin, resulting in a state of hyperinsulinemia, which, in turn, can induce insulin resistance. The consumption of high-GI and -GL diets for several years can increase the demand on b-cells and lead to b-cell exhaustion and failure (55) . Furthermore, because high-GI and -GL diets increase concentrations of blood glucose and free fatty acids (6, 54) , chronic exposure to these elevated concentrations can also induce b-cell failure. The biological plausibility of an association between GI and T2D is evident from results of metabolic and intervention studies. In a meta-analysis of 12 randomized controlled trials that comprised 612 subjects, low-GI diets reduced glycated hemoglobin by 0.4% (95% CI: 20.7%, 20.2%) over that produced by the control diets (56) . Furthermore, the Study to Prevent NonInsulin Dependent Diabetes Mellitus (STOP-NIDDM) trial, which showed that acarbose, an oral a-glucosidase inhibitor, which effectively converts the diet to a low-GI/GL diet, reduced T2D risk by 25% over a mean follow-up of 3 y provides a proof-of-concept for low-GI diets (57) .
The strengths of the current analysis include the availability of repeated measures of diet in all 3 cohorts, the long duration and high-proportion of follow-up, and the large sample size. However, a few important limitations need to be considered. First, the use of an FFQ to measure GI and GL introduces some degree of measurement error. However, given the prospective nature of the study, measurement error in GI and GL is unrelated to diabetes case status and is therefore more likely to attenuate the risk estimates toward the null. Second, the FFQ was validated in a sample of nurses at an earlier time and in male health professionals and the validation data may not directly apply to those in the NHS II. Furthermore, FFQs in our study were not specifically designed to measure GI and GL of foods. However, previous validation studies in a subsample of older nurses and male health professionals showed a reasonable degree of correlation between our FFQ and multiple dietary records for both carbohydrate and fiber. In addition, dietary GI and GL in the NHS were found to be associated with plasma HDL and fasting triglyceride concentrations, indicating the biological validity of the FFQ in assessing dietary GI and GL (58) . Third, our study population mainly consisted of health professionals of European ancestry with a high educational status. Although the lack of racial diversity limits our ability to generalize our results to other populations, the consistency of our findings in other ethnic groups along with existence of strong biological mechanisms may make our results readily generalizable. The high educational status can be perceived as an advantage because high-quality and reliable data can be collected from our study participants. Furthermore, although we carefully adjusted for several known dietary and lifestyle factors that could confound the association between dietary GI and GL and T2D, residual confounding remains a possibility. Finally, given the observational nature of our study, we cannot establish true causality.
In conclusion, results from our study confirm that consuming a high-GI/GL diet is associated with a higher risk of T2D. Participants who consume diets that are low in cereal fiber but with a high GI/GL have an elevated risk of T2D. Given that the lifetime risk of developing T2D is 32.8% for men and 38.5% for women (59) , even small excess RRs such as those observed in our study will translate to large differences in absolute risk and have important public health implications. Given the consistency of our results and the findings of randomized controlled trials of low-GI diets on measures of glycemia, a large randomized controlled trial should be considered to evaluate the role of low-GI and -GL diets in preventing T2D.
